We have investigated stable adsorption geometries of fluorine atoms on a single-walled carbon nanotube ͑SWNT͒ using density-functional calculations. Chemisorption of fluorine atoms induces heavy strain on the tube wall, giving rise to one of the C-C back bonds of 1.54 Å, single bonded similar to that of diamond. We find that at coverage of 0.5, the most stable isomer is a ladder-type on an armchair nanotube, whereas it is a helical-type on a zigzag tube, both revealing a semiconducting behavior. This is in good agreement with the experimental observations that the fluorinated SWNT's increase the resistivity by decreasing the electronic density of states near the Fermi level. We also demonstrate that the electron-beam-induced structural deformation of the fluorinated SWNT's could be explained by a selective desorption of fluorine atoms. Various types of isomers, relative stability, and electronic properties at different coverages will be further discussed.
I. INTRODUCTION
Carbon nanotubes as a form of a cylindrical graphitic shell 1, 2 have attracted a great interest not only in scientific fields but also in the fields of nanotechnology applications [3] [4] [5] such as electronic devices and energy-storage-related applications. In spite of intensive research in carbon nanotubes, applications to practical use of electronic and energy-storage devices are still limited by a number of reasons. One of the serious drawbacks is, in particular, the lack of the electronic structures during growth, which are determined by the chirality of the tube. One alternative approach is to have a posttreatment to choose selectively an appropriate chirality or transform electronic structures to those with desired properties.
A chemical functionalization of the sidewalls can change the electronic properties of nanotubes and may enhance the performance in hydrogen storage, secondary battery, and supercapacitor. For instance, functionalization of the singlewalled carbon nanotubes ͑SWNT's͒ by atomic hydrogen leads to transformation in electronic structures from metallic to semiconducting by removing states near the Fermi level. 6 The fluorination of the carbon nanotubes results in functionalization and modification of pristine nanotubes with respect to adsorption and electrochemical properties. 7, 8 Since fluorination is one of the most effective chemical methods to modify and control physicochemical properties in a wide range, fluorination of carbon nanotubes is of great interest. 9, 10 Fluorination may enhance the wettability of the tubes in water solvent by inducing a surface dipole layer on the tube wall, which may be useful for battery and supercapacitor applications. 11 Recently, several groups reported that the fluorination of SWNT's is possible under conditions similar to those used for fluorination of graphite. [12] [13] [14] According to their reports, the fluorinated SWNT's yield approximately C 2 F stoichiometry at maximum. Moreover, they observed destruction of the SWNT's wall and even the formation of multi-wall-like structures at high reaction temperature. Scanning tunneling microscopy shows that the sidewall of the SWNT is covered with fluorine atoms, although the fluorine atoms are not distributed uniformly over the nanotube surface. 15 A comprehensive research on the stability of the atomic geometries of the fluorinated nanotubes is required to elucidate the structural transformations on different coverage.
An et al. reported that the resistivity of the fluorinated SWNT film increased with increasing F-doping content. 16 The x-ray photoemission spectroscopy ͑XPS͒ data have shown a significant reduction in the electronic density of states near the Fermi level with increasing F-doping content, indicating a clear transformation of the electronic structures from metallic to semiconducting ones. Previous calculation demonstrated that various isomers of chemisorbed fluorine atoms on the tube wall exist at a coverage of F/Cϭ0.5. 17, 18 It has been also known that pair adsorption on the nanotube wall is energetically preferable to the single fluorine chemisorption. 19 The most stable adsorption geometry in their model becomes metallic in an armchair tube, whereas helically patterned geometry is the most stable in a zigzag tube, revealing semiconducting behavior. This prediction of electronic structures does not explain the resistivity increase with F doping. Another interesting aspect of the fluorinated SWNT's is an electron-beam-induced structural transformation that took place in situ during transmission electron microscope ͑TEM͒ observations, 20 although the origin for such a structural deformation is not clear.
The purpose of this paper is threefold. ͑i͒ We like to do a systematic search for the stable atomic structures at different fluorine coverages. ͑ii͒ We want to resolve the ambiguity in the resistivity change with the fluorinated SWNT's by calculating the electronic structures of the corresponding atomic geometries. ͑iii͒ We will explain an electron-beam-induced structural transformation. In this paper, we introduce a selfconsistent-charge-density-functional tight-binding ͑SCC-DFTB͒ approach and density-functional theory ͑DFT͒ within local-density approximation ͑LDA͒. We find several stable geometries of fluorinated nanotubes at low coverage. At coverage of 0.5, the most stable geometry is a ladder-type in an armchair tube from the LDA calculations, which is different from the previously predicted model and, furthermore, the band structure of the ladder-type is transformed into a semiconducting one. This is in excellent agreement with experimental observations that F doping decreases the density of states near the Fermi level. The structural stability and instability on adsorption and desorption of fluorine atoms will be graphically demonstrated.
II. THEORETICAL APPROACHES
We use the SCC-DFTB method to optimize various geometries with F content. The SCC-DFTB method uses a basis of numerically described s and p atomic orbitals for carbon and fluorine atoms. The Hamiltonian and overlap matrix elements are evaluated by a two-center approach. Charge transfer is taken into account through the incorporation of a self-consistency scheme for Mulliken charges based on the second-order expansion of the Kohn-Sham energy in terms of charge-density fluctuations. The diagonal elements of the Hamiltonian matrix employed are then modified by the charge transfer. The off-diagonal elements have additional charge-dependent terms due to the Coulomb potential of ions. They decay as 1/r and thus account for the Madelung energy of the system. This procedure optimizes not only the total energy but also an excess charge transfer that is usually overestimated in a conventional tight-binding approach. Further detail of the SCC-DFTB method has been published elsewhere. 21 We searched various adsorption sites on nanotubes at different coverages with computationally less demanding SCC-DFTB calculations. We emphasize that our approach describes the atomic structures accurately. For instance, the C-F bond length of CF 4 molecule is 1.33 Å, compared to the observed value of 1.36 Å. The binding energy is Ϫ6.36 eV/F overestimated, compared to the measured value of Ϫ5.99 eV/F. Therefore, we introduce more accurate approaches in calculating the binding energy.
Once we determine the optimized geometries by the SCC-DFTB method, we performed more accurate calculations using the LDA approach whenever necessary. We adopt Vanderbilt ultrasoft pseudopotential for ionic potentials. 22 The exchange-correlation energy in LDA is parametrized by Perdew and Wang's scheme. 23 Electron Kohn-Sham wave functions are expanded in a planwave basis with a kineticenergy cutoff of 24 Ry. 24 Generalized gradient approximation may provide more accurate results in the binding energy than the LDA but the bond lengths are not accurately described. For this reason, we only calculate the energies of up to the LDA level. We choose ͑5,5͒ armchair nanotube and ͑9,0͒ and ͑8,0͒ zigzag nanotubes for our calculations. For SCC-DFTB calculations, we choose a supercell of eight layers along the tube axis for armchair and zigzag tubes with periodic boundary conditions along the tube axis. The diameters of ͑9,0͒ and ͑5,5͒ nanotubes after full relaxation with SCC-DFTB are 7.8 Å and 6.8 Å, respectively, with an average bond length of 1.42 Å. The forces on each atom to be converged during each relaxation are less than 10 Ϫ3 a.u. For LDA calculations, tubes are separated by 5.0 Å to neglect the interactions between tubes in the bundle. We use an integration scheme for the Brillouine zone with four k-points sampling along the tube axis. More k-point sampling did not change the total energy appreciably.
III. RESULTS AND DISCUSSION

A. Adsorption geometries at low coverage
We start to look for the stable geometry at low coverage. At first, fluorine atoms are placed about 2 Å away from the top sites of the tube wall and relaxed fully with carbon atoms at the tube by the SCC-DFTB method. We define here various energies to characterize the adsorption nature and structural distortions. Adsorption energy per fluorine atom is defined as the energy obtained during adsorption and can be calculated, E ad ϭ͓E tot (F-CNT)ϪE tot (CNT)Ϫn F E sel f (F)͔/ n F , where E total and E sel f are the total energy of a given system and atomic self-energy, calculated either by the SCC-DFTB or LDA, respectively, and n F is the number of fluorine atoms. The strain energy, which is the C-C bond distortion energy upon adsorption, is calculated, E s ϭE tot ͑strained CNT without F͒-E total ͑ideal CNT͒. Figure 1 shows fully relaxed geometries of a fluorinated ͑5,5͒ armchair tube at different coverages. At coverage of F/Cϭ0.2, fluorine atoms can be strongly chemisorbed with a large adsorption energy of Ϫ4.28 eV per fluorine atom when they are adsorbed on the tube wall in a zigzag form along the tube axis, as shown in Fig. 1͑b͒ . The tube wall is severely distorted with a strain energy of 0.31 eV/C, as listed in Table  I . The C-F bond length is 1.34 Å, compared to 1.33 Å of the CF 4 molecule and the bond energy is Ϫ5.82 eV/F, weaker than Ϫ6.36 eV/F of the CF 4 molecule. The adsorption energy contains the effect of both bond energy and strain energy. The C-C back bonds near the adsorbed fluorine atoms are extended to 1.55 Å, single bonded, similar to that of diamond. Thus the fluorine adsorption invokes a heavy distortion in the tube wall, particularly near the adsorbed sites. Other C-C bonds are distorted appreciably, as listed in Table  I . We emphasize here that the adsorption sites are very selective. Adsorption always favors the form of a pair with stronger binding energy, in good agreement with the previous report. 19 Even in the case of pair adsorption, adsorption strongly depends on the form of pair. For instance, the tube wall can be fragmented, when a pair of fluorine atoms is adsorbed perpendicular to the axis, as shown in the right panel of Fig. 1͑b͒ . The C-C back bonds become distorted severely upon fluorine adsorption. This behavior is similar to the case of higher coverage of 0.3. The adsorption energy is slightly smaller than that at coverage of 0.2 due to the increase of strain energy. Adsorption of fluorine atoms perpendicular to the tube axis again leads to fragmentation of the tube wall, as shown in Fig. 1͑c͒ .
B. Adsorption geometries at high coverage
The maximum coverage has been suggested experimentally not to exceed 0.5. 12, 16 The breathing mode of nanotubes with heavy doping, with coverage greater than 0.5, is known to be irreversible upon desorption, indicating the dissociation of the tube wall, i.e., formation of covalent boding of CF 3 instead of ionic bonding confirmed by the XPS study. 20 Therefore, we consider coverage of 0.5 only in our work for high coverage range. not stretched at all, the strength of the strained backbonds is considered to be significantly reduced. In case of diamond, the binding energy is Ϫ7.3 eV/atom or Ϫ1.83 eV/bond. Since the number of the strained bonds in the tube wall, having similar bond length, is three, we estimate that the average binding energy of the carbon atom near the fluorine atom in the tube wall can be reduced by 25% compared to an ideal tube. The ladder-type, where pairs of fluorine atoms are aligned perpendicular to the tube axis like a ladder, is also stable, contrary to the low coverage case, with large adsorption energy of Ϫ3.77 eV/F. Although the strain in the C-C back bonds is large, it is reduced in the adjacent bonds compared to the stripe type, minimizing the overall strain energy, as shown in Table I . One thing to note is that the bond angles between fluorine atoms and carbon back bonds are 107.9°a nd 105.9°in the stripe-type, whereas these are 108.1°and 106.6°in the ladder-type; the latter being closer to the sp 3 hybridization angle of 109.5°. Since the bond angle reflects the degree of sp hybridization, this is closely related to the band-structure energy. This will be further discussed in the electronic structures. Note that the diameter of the fluorinated SWNT is extended by 22%. The saw-type, where pairs of fluorine atoms are adsorbed alternatively along the tube axis, is also stable but induces relatively large strain energy compared to the previously mentioned isomers. The buckledstripe and buckled-ladder-types, where half of the fluorine atoms are adsorbed at the inner wall of the respective isomers alternatively, show relatively small adsorption energies, compared to the previously isomers. This is in good contrast with the hydrogen adsorption, where the buckledtype is energetically more favorable by increasing sp 3 hybridization. 25, 26 The strain energy is not reduced significantly compared to the unbuckled-stripe-type ͑even increased in the case of ladder-type͒ and, furthermore, the repulsive energy between fluorine atoms is not reduced appreciably. This may be attributed to the newly developed repulsive interactions between fluorine atoms at the inner tube in the buckled-type, which may be reduced in the case of SWNT with a larger diameter, as in the case of the previous studies. 17 The existence of asymmetric charge transfer between the fluorine atoms at the inner (0.18e) and outer (0.21e) sides, particularly in the case of the buckled-ladder-type, may be a consequence of such repulsive forces between the inner fluorine atoms. Another stable geometry is a quadra-type, where four fluorine atoms are located alternatively both along the tube axis and azimuthally. The adsorption energy is very similar to that of the stripe-type. The most stable isomer in an armchair tube is the stripe type with our SCC-DFTB approach, although the adsorption energy is not much different from the ladder-type. It is interesting to see that the LDA energetics predict a different energetics between the stripe-and laddertypes, although the reason for the difference is not clear at this moment. Figure 3 shows various isomers from the zigzag nanotube at coverage of 0.5. In the bar-type, where pairs of fluorine atoms are aligned along the ͑9,0͒ tube axis, as shown in Fig.  3͑a͒ , the strain energy is minimized to 0.47 eV/C in spite of strong repulsive forces contributed from close distances of fluorine atoms in the adjacent sites, giving a large adsorption energy of Ϫ3.91 eV/F. The bond energy is relatively weak due to the repulsive forces. In the belt-type, where two layers of fluorine atoms are adsorbed alternatively along the ͑9,0͒ tube axis, similar to the saw-type in an armchair tube, the C-C backbonds are stretched to 1.62 Å but yet the average strain energy is not so large, giving the smallest adsorption energy among other types of isomers in the zigzag tube. This suggests that the band-structure energy plays a more important role than the strain energy, as will be discussed in the Electronic Structures. With (n,0), where n is an odd number, these two isomers have high symmetry and relatively large adsorption energies.
We now look for stable isomers with (n,0), where n is an even number. In the zipper-type, where two layers of fluorine atoms are adsorbed alternatively azimuthally on the ͑8,0͒ zigzag tube, the strain energy is the smallest, whereas the repulsive energy is very large, giving a large adsorption energy of Ϫ4.19 eV/F. The helical-type, where fluorine atoms are adsorbed helically along the tube axis with 45°, is the most stable isomer among all other types including armchair tubes. The repulsive interactions are minimized by maintain-ing the maximum distances between fluorine atoms. As we see from Tables I and II, we realize that the changes of adsorption energies are not always consistent with those of bond energies, strain energies, and repulsive energies. This strongly suggests that the band-structure energies play a more important role than the above parameters in determining the adsorption energy.
C. Electronic structures
We now show the electronic density of states ͑DOS͒ of relatively stable isomers at coverage of 0.5. The DOS near the Fermi level is small but finite in the armchair ͑5,5͒ nanotube, as shown in Fig. 4 , reflecting the metallic nanotube. The stripe-type shows some development of the gap states near the Fermi level, whereas the rest of the isomers in the armchair tube show a clear energy gap, although the degree of gap opening is not the same for different isomers. The sp band is subdivided into two bands with F adsorption: towards p band and s band, indicating a split hybridization of sp 2 and sp 3 . This is consistent with the bond angle distortion from 120°to Ϸ109.5°induced by fluorine adsorption, as discussed above. We identify a strong peak below Ϫ20 eV as s band of fluorine atoms. The most stable helical-type becomes semiconducting with a clear band gap in the zigzag tube. The sp band is again split into two bands similar to that of the armchair tubes. The fact that the stable stripe-type shows metallic behavior is in good contrast with the experimental observations that the DOS near the Fermi level decreases with increasing doping content. 16 The inconsistency among the adsorption energies, strain energies as listed in Table I , and the bond angle distortions suggests that the band energy may not be treated accurately in the SCC-DFTB approach. The previous GAUSSIAN calculations with 3-21G basis set show that the most stable isomer is the buckled-stripetype in armchair tubes, revealing metallic behavior, and the helical type in zigzag tubes ͑only the relative energies are given in their works͒, revealing semiconducting behavior. 17 Experimentally, the resistivity increases with increasing F-doping concentration. 16 In general, both metallic and semiconducting tubes coexist in the sample. Since the helicaltype in zigzag tubes is energetically the most stable, the zigzag tubes may be preferentially functionalized and become more resistive due to large gap opening. However, it is more reasonable to consider that both armchair and zigzag tubes are functionalized due to the small difference in the adsorption energies, which might be again contradictory with experimental observations. There is also a chance that our theoretical models may not be complete. For instance, fluorination can take place locally along the tube axis, as observed from the scanning tunneling microscopy. 15 This requires large supercell calculations. Since our SCC-DFTB may not describe the electronic structures well, we next perform the LDA calculations for those controversial geometries. Figure 5 shows the band structures and the corresponding DOS for particularly controversial stripe-and ladder-types in the armchair tube. The band shape is significantly modified with fluorine adsorption. For instance, the DOS is finite near the Fermi level with band edges at ⌫ point and Z point, and more importantly bands are closely overlapped, giving rise to the modulation of the bands, unlike the spike-type spread band in an ideal ͑5,5͒ tube due to the one-dimensional con-TABLE II. Various bond lengths determined by the SCC-DFTB method, as indicated in Fig. 1 . finement. The ladder-type clearly shows the energy gap. These changes are similar to those of the SCC-DFTB calculations. Although the energetics of the SCC-DFTB is different from that of the LDA, the adsorption energies of the stripe-and ladder-types are not much different from each other. Both stripe-and ladder-types in the armchair tubes may coexist in the fluorinated sample, which increases the resistivity of the sample by reducing the number of nanotubes with metallic properties. Figure 6 shows the contour plot of charge densities for the stripe-type calculated from the linear combination of atomic orbitals basis set. The total charges are highly accumulated at the fluorine atoms, whereas they are also accumulated between carbon atoms, as shown in Fig. 6͑a͒ . This indicates that C-C bonds are semiconducting and C-F bonds are ionic. This charge is mostly contributed by the highest occupied molecular orbitals ͑HOMO͒, as can be seen in Fig. 6͑b͒ . The lowest unoccupied molecular orbitals ͑LUMO͒ and the second LUMO are degenerate and placed in an opposite way to each other. These pictures clearly demonstrate the coexistence of ionic and covalent bonds, consistent with the bond angle distribution representing sp 2 and sp 3 hybridizations. It has been suggested that the stripe-type is more stable than the ladder-type due to the presence of undistorted electrons along the tube axis. 17 Since we did not notice the difference in the charge distribution along the tube axis, we believe that the bond angle redistribution with fluorine adsorption is more important in determining the band energy and corresponding total energy. One important aspect is that the nonpolar SWNT transforms now to the polar one after fluorination by the formation of dipole layers due to the significant charge transfer from the tube to the fluorine atoms as listed in Table I . The water solvent, which is a typical polar solvent, can be a good solvent for the fluorinated SWNT. 11 Moreover, this dipole layer provides a clue for the bundle to be separated individually even in water solvent. Formation of C-F bonds induces a strong bond in the adjacent carbon bonds. For instance, ᐉ CC-CC becomes 1.34 Å in the stripetype, which is stronger than a double bond of 1.42 Å but weaker than a triple bond of 1.25 Å. This enhances nucleophilic capability in alcohol solvent, which can be utilized for further functionalization with different nucleophilic substituents.
D. Structural deformation upon desorption
It is now well understood theoretically that the C-C backbonds are significantly weakened by fluorine adsorption compared to those of ideal nanotubes. It has been observed that the fluorinated SWNT's can transform into various phases by the electron-beam irradiation during in situ TEM observations. 20 Although the presence of the weak C-C backbonds may explain such structural transformations, the origin of exact transformation mechanism is not clear. Here we demonstrate vividly the structural deformation when the fluorine atoms are partially desorbed. It is well known that the fluorine atom has larger cross section than the carbon atom, i.e., fluorine atoms are more susceptible to the electron-beam irradiation than carbon atoms. Furthermore, C-F bond energy is an order of Ϫ5 eV or less, whereas C-C bond energy is an order of Ϫ5 eV or more. Therefore, it is reasonable to say that fluorine atoms can desorb first by the persistent electron-beam irradiation. In our calculations, we intentionally remove some fluorine atoms from the tube wall to simulate the fragmentation process and fully relax the structure again, as shown in the left panels of Fig. 7 . We show only those that fragmented spontaneously. We first remove a series of pairs of fluorine atoms along the tube axis in the ladder-type, as shown in the left panel of Fig. 7͑a͒ . When the system is fully relaxed, the carbon atoms to which the fluorine atoms were attached form regular strong bonds. 
IV. CONCLUSION
We investigated the adsorption and desorption of fluorine atoms on the single-walled carbon nanotube walls at different coverages using density-functional calculations. The main features of our work are summarized as follows.
͑1͒ Fluorine atoms prefer to chemisorb on the tube wall in the form of pairs with a typical bond energy of Ϫ5 eV. Fluorine adsorption invokes heavy strain particularly in the C-C back bonds, which are single bonded with a typical bond length of 1.54 Å or larger, similar to that of diamond.
͑2͒ Various isomers of fluorinated single-walled carbon nanotubes exist at coverage of 0.5. The ladder-and stripetypes in the armchair tube and the helical type in the zigzag tube are the most stable geometries. The ladder-and helicaltypes reveal semiconducting behavior, whereas the stripetype shows metallic behavior. Creation of strong bonds with 1.34 Å in the adjacent sites may enhance nucleophilic interactions and promote solubility of F-doped SWNT's in various solvents.
͑3͒ We find that the nature of C-F bonding is both covalent and partially ionic, as confirmed from the contour plot of the charge density. Significant Mulliken charge transfer ͑0.17-0.2͒ from a carbon atom to a fluorine atom is obtained. The spike-type electron density of states is also significantly modulated, reflecting the mixture of sp 2 and sp 3 hybridizations.
͑4͒ We could explain the electron-beam-induced structural transformation by introducing intentional desorption of some fluorine atoms. Desorption of fluorine atoms accumulates heavy strain in the adjacent C-C back bonds that were already weakened by the existing fluorine atoms, but not in the sites that fluorine atoms are desorbed, and finally leads to fragmentation of the tube wall spontaneously. This phenomenon explains well the deformation of fluorinated SWNT's by the electron-beam irradiation during in situ TEM observations.
